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論 文 内 容 要 旨          
Chapter 1. Introduction 
Electron beam melting (EBM) is the most advanced 3D printing technology of metal, which can produce any 3D structures 
with high density (>99.9%) from metal powders by scanning a high-power electron beam to melt metal powder selectively 
along a series of 2D slices of a 3D object repeatedly, layer by layer. EBM has been attracting wide attention because of its 
ability to be applied to advanced metal alloys, such as Ni-based superalloys, Co-based alloys, Ti-alloys, for applications such as 
aerospace engine parts and biomedical orthopedic implants, which are mostly difficult to be formed by conventional processes. 
However, only limited has been known about the microstructures of EBM-built product, which should greatly affect the 
properties of the alloys.  
Because of the uniqueness of EBM process, in particular, (i) directional solidification by scanning electron beam, and (ii) 
successive stacking of layered 2D slices, it was anticipated that the microstructure and accordingly the mechanical properties of 
EBM-built products, depend on its orientation with respect to the electron-scanning direction and the stacking direction (i.e. 
build direction). Hence, the main purposes of this Ph.D study were to elucidate the build direction dependence of 
microstructures and the mechanical properties of Ni-based superalloy and Co–based alloy, which are typical alloys at which the 
EBM is being targeted. 
 
Chapter 2. Literature review of characteristic of electron beam melting 
The microstructure of EBM-built object is closely related to the solidification condition of the melt pool, which is affected by 
processing parameter of EBM, such as beam current, beam focus offset, scanning speed, scanning route and line offset. The 
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melt pool morphology, temperature gradient and solidification rate at the solid/liquid interface can be obtained by finite element 
simulation with considering beam power (P) and scanning velocity (V). Based on the solidification map of the material, the 
P-V process map, which shows the relationship among P, V, and microstructure, can be plotted. Electron beam melting can 
control the microstructure in wider range than other additive manufacturing processes because of its much wider operation 
region of absorbed power and scanning velocity for object fabrication. 
 
Chapter 3. Microstructure of Inconel 718 with various build directions 
The microstructures of Inconel718 rods fabricated by EBM with cylindrical axes deviating from the build-direction by 0°, 
45°, 55°, and 90° were investigated, focusing on the effect of build direction. Single crystal-like structure can be obtained by 
increasing energy density (via by increasing the beam current and/or by decreasing the line offset) and decreasing the scanning 
speed to ensure the completely melt of the powders. The cylindrical axes were oriented near <100>, <110>, <111> and <100> 
directions in samples with angles of 0°, 45 °, 55 °, and 90 °, respectively, as shown in Fig. 1. Precipitate amount decreased 
along the build height in the as-EBM-built rod because the in-situ aging time decreased with increasing build height, which 
caused the hardness decreasing with the build height. However, inhomogeneous distribution of precipitates in the build height 
can be solved by subsequent solution treatment without changing the preferential crystal orientation. Beside (Nb,Ti)(C,B) 
particles, δ-Ni3(Nb, Ti) phase and/or Laves phase were aligned along the build direction based on the build condition. The 
formation of single crystal-like microstructure accompanied with appearance of Laves phase, which was related to the strong 
segregation of Nb and Mo at grain boundary in high energy density and lower scanning speed. 
 
 
 
 
 
 
 
Fig.1. EBSD-IPF maps on the longitudinal cross-section of the top part of as-EBM-built samples. (a) 0°-sample (b) 45°-sample, (c) 55°-, and (d) 
90°-sample. 
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Chapter 4. High temperature mechanical properties of Inconel718 with various build directions 
The effect of the build direction on the high temperature mechanical properties of Inconel 718 rods fabricated by EBM with 
various build directions was investigated with considering the anisotropy of grain boundary, γ′ and γ″ arrangement and crystal 
orientation. Uniform precipitate distribution and higher hardness of the EBM-built rods can be obtained by solution treatment 
at 1045 °C for 1 h, and first aging treatment at 720 °C for 8 h as well as second aging treatment at 620 °C for 8 h. After this heat 
treatment, the preferential crystal orientation did not to change significantly. Strength and ductility of EBM-built Inconel 718 
alloy can be improved by heat treatment, probably due to the increase of γ′′ and γ′ and decrease of δ phase. The intrinsic 
strength of the samples might be hidden by the unmelt particles. However, by comparing the anisotropy of strength of the 
Inconel 718 built in various directions with those expected from (i) the orientations of grain boundaries, (ii) γ′ and γ″ precipitate 
arrangement, and (iii) crystallographic orientation, the higher strength was expected to be obtained in the order of 55°-sample, 
0°- sample, 90°- sample, and 45°-samples.  
The creep properties exhibited build direction dependence, as shown in Fig. 2, which can be mostly attributed to the 
difference in the Schmid factors in the grains with different crystal orientations. 55°-sample (near <111> orientation) exhibited 
the smallest creep rate among the samples. The creep rupture time of 0°- and 55°-samples were longer than those of wrought 
counterparts under the same creep condition. The γ″ variant with c axis parallel to loading axis in 0°-and 90°-sample was found 
to dissolve into matrix during creep test, which will increase their minimum creep rate significantly. 
 
 
 
 
 
 
 
Fig. 2. Creep curves of samples with various build directions at 650 °C with stress of 700 MPa. 
 
Chapter 5. Microstructure of Co-Cr-Mo alloy with various build directions 
The microstructures of Co-Cr-Mo alloy rods fabricated by EBM with cylindrical axes deviating from the build-direction by 
0°, 45°, 55°, and 90° were investigated, focusing on the effect of build direction. Single crystal-like structure of Co-Cr-Mo 
alloy with metastable γ-fcc phase can be obtained by the EBM process. The preferential crystal orientations of the γ phase in 
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the as-EBM-built 0°-, 45°-, 55°-
 
and 90°-samples along the cylindrical axial directions were near <100>, <110>, <111>, and 
<100>, respectively. M23C6 precipitates were observed to align along the build-direction with intervals of around 3 μm in all the 
samples. M was determined to be Cr, Mo, or Si in M23C6. Although constituent phase varied along the build direction in the 
as-EBM-built rod, from single ε-hcp phase in the bottom to single γ-fcc phase in the top, as shown in Fig. 3, γ-fcc phase can be 
obtained in a wide range of build height, i.e. approximately 40 mm from the top finishing plane. Displacive (i.e. martensitic) 
transformation, which holds Shoji–Nishiyama orientation relationship, occurred during the EBM process and resulted in a 
textured ε phase grains in the EBM-built sample. Larger ε-hcp grains were obtained in the EBM process than in an aging heat 
treatment with similar thermal history. 
  
 
 
 
 
 
 
 
 
 
 
Fig. 3. EBSD Phase maps (a,c,e) and IPF maps (b,d,f) on longitudinal cross-section of different height of as-EBM-built 0°-sample rod, (a,b) top part, 
(h=79 mm) (c,d) center-bottom part (h= 32mm), and (e,f) bottom part (h=5 mm). 
 
Chapter 6. High temperature mechanical properties of Co–Cr–Mo alloy with various build directions 
The high temperature mechanical property of Co–Cr–Mo alloy rods fabricated by EBM with cylindrical axes deviating from 
the build-direction by 0°, 45°, 55°, and 90° were investigated, with special focus on the effects of anisotropic columnar-grain 
structure and carbide distribution. The γ-fcc matrix phase could be wholly transformed into ε-hcp phase after aging treatment at 
800 °C for 24 h. No significant preferential orientation was recognized in the ε grains of the aged samples. Plate-like M2N (M= 
Cr, Mo, or Si) precipitates appeared in the matrix after aging treatment. In the aged rod, the ε-hcp grain size increased along 
build height at first, then decreased gradually to the phase transformation position of γ-fcc to ε-hcp in the as-EBM-built rod, and 
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maintained nearly constant in the initial single γ-fcc region. The diffusive phase transformation did not weaken the anisotropy 
in the mechanical properties notably. 55°-sample exhibited the highest UTS of 806 MPa at 700 °C with a strain rate of 1.5 × 
10
-4
 s
-1
. The extremely low SFE and carbide array were the possible reasons for the poor ductility at 700 °C. Basal slip is main 
deformation mode at the temperature range of 650-800 ˚C because of the widely expanded Shockley partial dislocation pair. 
The creep rupture time and steady state creep rate were found to be independent of the build direction because of the 
occurrence of diffusive transformation after aging treatment as well as the similarly distributed carbide on the slip plane of 
different ε grains. Fracture tended to occur in fine grain region of the aged rod, which used to be single γ-fcc phase before aging 
treatment. The creep curves exhibited typical three creep stages at all the investigated temperatures ranging from 650 to 800 ˚C 
under the stress ranging from 240 to 330 MPa. The relation between minimum creep rate and applied stress could be described 
by the constitutive equation. The stress exponent n and apparent activation energy Q were determined to be 5 and 365 kJ mol
-1
, 
respectively. 
 
Chapter 7. Conclusions 
Single crystal-like structure of fcc based alloy (Inconel718 and Co-Cr-Mo alloy) with <001> orientation in build direction can be 
obtained by the EBM process, which suggests crystal orientation can be controlled by selecting the oriented direction relative to the 
build direction (z axis), thus the mechanical properties can be controlled. Because of the effect of in-situ aging on the early-built 
part, the microstructure varied along the build height. Therefore, post-built heat treatment is necessary to homogenize the 
microstructure, with specially considering the thermal history in EBM process. 
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